This paper concerns a three-phase self-excited induction generator used for autonomous power generation. It presents a robust control strategy which makes it possible to maintain the frequency quasi constant during the voltage regulation without any control loop on this variable. This strategy, which also prevents the machine disengagement, uses as power converter a simple dimmer. The obtained theoretical and/or numerical results are validated on a laboratory test bench that allows the analysis of this control law effectiveness.
I. INTRODUCTION
Traditionally the integration of Induction Machine (IM) in the wind turbines, especially when it is about isolated sites, where the power requested is relatively limited, has become competitive and that can explain their increasing in the electrical energy production [1] - [5] . The IM is simple, reliable and requires very little maintenance [6] - [10] . However, there are some difficulties with this IM when it operates in autonomous mode as, for example, frequency and voltage control [11] - [12] . Actually many papers propose control strategies and applications of different power electronic controllers for Self Excited Induction Generator (SEIG) terminal voltage-frequency control [13] - [14] . In most of the cases, controlled source inverters are used [15] - [18] . Other papers present the design and implementation of a SEIG electronic load controller which consists of a rectifier-chopper system feeding a resistive dump load [19] - [21] . Some works propose the use of the synchronous compensators based on STATCOM (Static Synchronous Compensator) to control the voltage and the frequency [22] . A voltage source pulse width-modulated inverter is used in [23] - [26] to control the voltage and the frequency at the SEIG outputs. The use of sliding mode controllers to analyze the IM dynamic response and its behavior during load changes is presented in [27] - [28] . These studies implement complex techniques. Nevertheless, these solutions increase the system cost and they are not easily possible in remote sites unreliable in critical locations.
To overcome these difficulties, and to increase the robustness of the regulation system, this paper proposes a control law developed for a parallel resistive-inductive load ( − R L) supplied by SEIG and which can be considered as an introduction to the study of AC electrical motors loads. So, in this case, the SEIG can operate at quasi-constant frequency without any control loop. This new control law makes it possible also to prevent the voltage collapse. The control of the frequency for a simple load (resistive load R ) using a specific law has been proposed in [29] showing that this type of control can be a solution for remote and isolated sites. The difficulty consists in adapting the law to the complexity of the 'real' loads because during the regulation an important transient state can appear, as the case of motors loads. In this paper, it is assumed that L is constant and that the voltage regulation is realized acting only on R load. The first part concerns the steady state analysis which uses for the IM a single phase equivalent circuit defined from the concept of a voltage source. The new frequency control law for − R L load is also outlined and discussed. The second part deals with the SEIG modeling based on space vector formalism. The control law effectiveness is analyzed as well as its impact during transients. The numerical predictions obtained by the developed SEIG model are compared to experimental results in the last part where the test bench is also presented.
II. STEADY STATE ANALYSIS

A. Single Phase Equivalent Circuit Model for IM
Using the concept of voltage source, Fig. 1 presents the three-phase, p pole pair, rotor cage IM single phase equivalent circuit considering a parallel ( R L − ) load. The C capacity is used to provide the required reactive power for self excitation and steady state operating [30] - [31] .
ω represents the stator angular frequency (frequency f ).
Let us point out that to distinguish the statoric and rotoric variables, these last are labeled respectively with the superscript " s " or " r ". 
where s denotes the slip obtained from rotor angular speed:
− Ω and the synchronous one:
It results that the SEIG operating is characterized by the relationships:
where: 
' " ' 
The 
e T is related to w P wind power which acts on the blades:
where f T represents the SEIG friction and windage torque.
B. Identification of Operating Points (OP)
According to system (5), it can be seen that ω and s depend only on R , C , L and the IM parameters. Consequently, when these elements are imposed, the SEIG will be locked on fixed ω and s regardless of w P . This 
The analysis is performed at a f frequency close to In order to really distinguish the case of an only resistive load, the load power factor is assumed in this case to be weak. For a value close to 0.45 , using (11) one can obtain for
, the OP characterized by:
2-Exactly determination of OP
In order to define the ex ω and ex s exact values, the parasitic elements must be considered. So an iterative (Newton-Raphson) or graphical methods have to be used to solve system (5). In this paper only this last solution is presented. Considering the first equation of system (5), the following equation is obtained:
Where 1 M , 1 N and 1 P are given by:
Taking into account that 1 M is negative and that the quantity under the radical is greater than unity, considering only the positive ω value, the root of (12) can be expressed as:
Similar considerations lead to the 2 2(1 2) or ω roots of the second equation of (5):
where:
The lower index 1 between brackets in (15) is associated with the sign + before the radical whereas the subscript 2 corresponds to the sign -. Let us point out that This can be considered as benefit if there is no adverse effect on the energy performance mentioned above. 
C. SEIG operating at quasi constant frequency
The ω relationship established for a R load makes it possible to show that f can be maintained quasi constant for R changes when the product RC is kept constant. It results that this condition can also be written as: RC cst ω = (17) which, physically, corresponds to a constant argument of the elements connected to the SEIG outputs. One can define a similar law considering a parallel R L − load. It suffices to define an equivalent γ capacity to the parallel C L − . It comes:
It results that (17) can be written as:
Starting from OP 'A' obtained for 0
L and 0 C , a R change must be accompanied by a L and C changes in order to obtain a new ω practical value close to the initial one. That needs to satisfy the following equality:
As it is assumed that the stator voltage control is performed only adjusting R , L is constant and (20) is satisfied changing only C . In these conditions, (20) can be written as: (21) , one has to choice the ω value which has to be used for the C determination. As Ideal variations of C , determined through successive iterations, which maintain ω constant and equal to ex ω when R changes in the considered range are also presented. It is noted that deviations of C , at a given R , are relatively weak. Nevertheless, this leads to a significant differences in the angular frequencies (Fig. 5.a) which shows the sensitivity of ω with respect to values taken by C .
III. SEIG MODELLING
A. Mathematic formulation
This modelling is performed considering a two pair pole IM with three-phase equivalent rotor winding. The rotor and stator spatial reference ( 
where L (that appear in (23) To these IM equations must be added a relationship tied to the components connected at SEIG outputs. . An important voltage peak value appears during the transient which can damage the SEIG. Consequently, in practice, a device must be added in order to protect the IM and the components connected at its outputs.
That justifies the choice made in this study: ω are reduced when the suggested law is used.
On the other hand, this law leads to an important increase in the speed when C is kept constant. In fact, this latter increases by 5.24% in the steady state speed in Fig. 8 .a and 0.12% in Fig. 8 6 .03% − to 7.75% − ). Fig. 9 .b shows these variable variations when R and C vary simultaneously: case 00 → case 22. The voltage regulation is also effective with, however, strongly attenuated transients in amplitude and duration. The final steady state is characterized by a speed close to that existing before the w P change. 
IV. EXPERIMENTAL STUDY
A. Test bench presentation
In order to validate the analytical and numerical results, a test bench (Fig. 11) is used. It consists of DC motor which -(a) Only R changes; -(b) R and C change operates at constant magnetic flux φ , mechanically associated with an IM which operates as a SEIG. There are two problems to implement such a system: the first consists in providing a w P control on the IM shaft, the second is to provide a variable C capacitor which changes with R according to the relationship (21). The DC T DC machine electromagnetic torque is given by:
1) Regulation of
where '
K being a constant tied to the DC machine design. In the operating range considered for this analysis, the fDC T SEIG friction and windage torque can be assumed constant.
The torque which acts on the IM shaft is given by.
The w P power results from the relationship:
where DC R is the DC machine armature resistance. Given 
It should be noted that the different parameters of this practical bench will be given in the appendix.
2) C Capacity variation For a given R L
− load, the first step consists of finding by numerical simulation adequate pairs ( , R C ) using the analytical method described in section II. This leads to some OP within the zone which can be described as stable (Fig. 2) . The voltage regulation is performed with R variations using controlled mechanical switches (Fig. 11) . For this application, several R discrete values are used. The C changes are obtained using a fixed capacitor
connected with a fixed R L inductance series connected with a dimmer as shown in Fig. 12 . That leads, for given frequency close to rat f , to different α dimmer firing angles whose values have to be computed and incorporated in the « control logic» block (Fig. 11) . The developments realized for the α calculus are those presented in [33] .
B. Validation of numerical model in steady state
The experiment has been done at the same constant Table I) . The values, presented in Table II , show the f and ' Ω variations with R changes taking into account the theoretical and experimental values. Ω variations are nearly very close. One can remark here a robust frequency control obtained by capacity variation using the suggested law given by (21) .
C. Validation of numerical model during transients at constant w P
The curves presented in Fig. 13 13 .a is relative to the case 20 and Fig. 13 .b concerns a change to the case 22. In Fig. 13 .a, the SEIG reaches the steady state after a transient relatively large. This transient state is accompanied by important overvoltage which may trigger the protection systems leading to the disconnection of the SEIG. However these curves are delayed with adapted coefficients in order to keep the figure clarity. In Fig. 14 Fig. 8 .b.
D. Validation of numerical model during transients at variable w P
The variable variations when w P varies and the load changes from case 00 to case 22 is shown in Fig. 15 . The curves are plotted in per unit values and are multiplied by the same coefficient as used in Fig. 14 
V. CONCLUSION
Presented study was developed to ensure a robust frequency control for a Self Excited Induction Generator which supplies a R L − load connected in parallel with capacitor banks. The steady state analysis developed in the paper uses the single-phase equivalent circuit definition taking into account the concept of induced voltage source and the IM space vector formalism. This analysis shows that the presence of L component in the load enhances naturally the system stability and reveals the operating zones where the SEIG behavior can be controlled. It was also revealed the operating at quasi constant frequency without need of a control loop of the latter. This has been possible by means of changing the C capacitor with R changes, in the case of load variations, according to the defined law presented in the paper. This control law enhances also the transient state. For the strong R variations, this control strategy will prevent the voltage collapse through changes of the reactive power supplied by the capacitor bank. This reactive power must vary continuously with the load variations according to the law already studied. So in the test bench, the reactive power variation is ensured by a three-phase dimmer. 
